ABSTRACT: The purpose of this study was to quantify femoral head deformity in patients with Legg-Calv e-Perthes disease (LCPD) using a novel three dimensional (3D) magnetic resonance imaging (MRI) reconstruction and volume based analysis. Bilateral femoral heads of 17 patients (mean age 9.9 AE 2.0 years; 12 boys, 5 girls) with LCPD were scanned 1-2 times (n ¼ 33 LCPD heads, 20 normal heads) using a 1.5T MRI scanner. Fourteen patients had unilateral and three had bilateral LCPD with five hips in the Waldenstr€ om initial stage, 9 in the fragmentation stage, 14 in the reossification stage, and 5 in the healed stage. 3D digital reconstructions of femoral heads were created using MIMICS software. Deformity was quantified using a 3D volume ratio method based on reference hemisphere volume as well as two surface geometry methods. Intra-observer analysis showed that 97% of the LCPD femoral heads were within 10% of the original value and test shapes had 99.6% accuracy. For normal femoral heads, the volume ratios of all except one were between 95 and 98% (n ¼ 20) of a perfect hemisphere volume. For femoral heads affected with LCPD, the volume ratios ranged from 43% to 96% of a perfect hemisphere (n ¼ 33). The volume ratio method and the two surface geometry comparison methods had high correlation (r ¼ 0.89 and 0.96). In summary, the 3D MRI volume ratio method allowed accurate quantification and demonstrated small changes (<10%) of the femoral head deformity in LCPD. This method may serve as a useful tool to evaluate the effects of treatment on femoral head shape. ß
The amount of femoral head deformity present in patients with Legg-Calv e-Perthes disease (LCPD) is one of the most important predictive factors for the risk of developing osteoarthritis in the long-term. [1] [2] [3] [4] [5] Since a femoral head deformity produces a high-risk of osteoarthritis, the goal of LCPD treatment is to prevent or minimize the deformity. 2, 3, 6, 7 To achieve this goal, a sensitive and accurate imaging modality is needed to monitor the progression of the femoral head deformity and to assess its response to treatment. Currently, assessment of the femoral head deformity in patients with LCPD is based on radiographic imaging of the bony aspect of the femoral head on antero-posterior and lateral radiographs which are meant to be orthogonal in orientation. 8 Using 2D radiographic imaging to evaluate the extent of a 3D deformity, however, can be inaccurate and misleading for several reasons. First, the extent of the femoral head deformity may not be best depicted in the two standard radiographic views as the location and the orientation of the femoral head deformity may vary from one patient to another. Second, the positioning of the affected leg to obtain perfect orthogonal views may be difficult due to the limited hip range of motion in patients with LCPD. Furthermore, plain radiographs do not show the articular cartilage overlying the bony epiphysis, which makes up an important part of the femoral head shape and may differ notably from the shape of the bony epiphysis alone. 9 Lastly, small changes in the femoral head shape may not be detected by serial radiographs. 10 For these reasons, the assessment of the femoral head deformity using plain radiographs may be inaccurate and suboptimal. This can create difficulty in making a treatment decision in a timely fashion in order to prevent further deformity of the femoral head. Having the ability to detect small changes in the cartilaginous surface of the femoral head may inform surgeons sooner of the effects of certain treatments on the femoral head shape and allow appropriate treatment decisions before a significant deformity occurs.
In a normal hip joint, the femoral head closely resembles a hemisphere. 11 The height of a normal femoral head equals or is near-equal to its radius at the femoral head and neck junction. In LCPD, the development of a femoral head deformity produces a decrease in the femoral head height while the radius of the base of the femoral head increases over time. We propose that a change in the femoral head shape can be quantified by using a perfect hemisphere as a reference. Based on this concept, a greater deformity will produce a greater loss of volume from the perfect reference hemisphere. The purpose of this study was to assess the validity and sensitivity of a 3D MRI analytic method to quantify the femoral head deformity based on a femoral head volume deviance from a reference hemisphere (referred hereafter as a volume ratio method). We hypothesize that the MRI volume ratio method will produce a sensitive and accurate quantification of the femoral head deformity.
METHODS

Subjects
This is a prospectively enrolled Institutional Review Board approved MRI study of 17 patients (mean age 9.9 AE 2.0 years, 
3D Reconstruction
Each proximal femur was reconstructed using MIMICS image analysis software (Materialise, Belgium) (Fig. 1) . Thresholding of voxels was the first step of segmentation. Image analysis tools including Crop, Region Grow, Multiple Slice Edit, and Morphology were used to mark each region of interest in the 2D views and smooth over the ligamentum teres area. After segmentation, a 3D reconstruction was created with program controlled settings. Wrap and Smoothing tools were used in order to create a continuously smooth surface.
Analysis of Deformity Using Volume Ratio and Surface Geometry Comparison Methods
After 3D reconstruction, each femoral head was analyzed in 3-Matics (Materialise, Belgium) and Mimics software. A region of interest comprised of the articulating surface of the femoral head down to the femoral head and neck junction was selected using the Mark Surface tool in the coronal view ( Fig. 2) . In order to calculate a reference hemisphere, a sphere was fit to the marked femoral head surface. Two parallel datum planes were created to measure the distance, "y," between the center of the fit sphere and the lower edge of the articulating surface. Using the Pythagorean Theorem, the radius "r" and the distance "y," were used to calculate the radius "a" of the spherical cap base as: a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi r 2 À y 2 p . The spherical cap is the top portion of the fit sphere whose base is in the same plane as the base of the marked femoral head surface. The spherical cap radius "a" is used to appropriately size a reference hemisphere of height and radius "a."
The reference hemisphere is used to calculate how much volume the deformed femoral head has lost. Using Solidworks 3D design software (Dassault Syst emes SOLID-WORKS Corp., Waltham, MA), the reference hemisphere was created and imported into 3-Matics software. We first defined the junction of the femoral head and the femoral neck using a marking tool in 3-Matics software to define the base of the femoral head. The base of the reference hemisphere was aligned to the base of the femoral head and then imported into MIMICS software for volume subtraction. The femoral head volume was subtracted from the reference hemisphere volume and called inside volume, V i . The part, if any, of the femoral head that protrudes out of the hemisphere was called the outside volume, V o . The percent volume of the femoral head, V f , compared to the perfect hemisphere, V h , was calculated using the formula below where a perfectly round femoral head would be 100% and femoral head volume,
Using 30 of the LCPD scans, the entire 3D reconstruction and analysis process was repeated for each femoral head surface to test repeatability.
Theoretical test shapes and calculations were used to validate this method. Two types of 3D volume based objects, stereolithography and object file types, were used in MIMICS software. Both were tested for hemisphere volume accuracy by calculating how much the volume in MIMICS deviated from a calculation for equivalent size hemispheres. We also tested our technique by creating 3D hemi-ellipsoid structures in SolidWorks software with heights of 25%, 50%, 75%, and 100% of full hemisphere height. We then used our 3D method in MIMICS software to determine the volume ratio of each of the hemi-ellipsoid structures, as carried out on the femoral head scans. The values obtained by this method were then compared to theoretical volumes of hemi-ellipsoid structures using the geometric equation for an ellipsoid (V E ¼ 2=3
ð Þpr x r y r z ). In this way, we were able to evaluate the accuracy of our method.
To further validate the volume ratio method, two surface geometry comparison methods were calculated by measuring the deviations of surface points from the reference hemisphere for method 1 (Fig. 3) and by measuring the deviations of points between two femoral heads created from sequential patient scans for method 2 (Fig. 4) . Histograms of all the comparisons were created which showed minimum and maximum deviations for each femoral head. We used deviations greater than 2 mm to be of interest due to original scan resolution and shape accuracy. For method 1, the deviations from the reference hemisphere were compared with the corresponding volume ratio. For method 2, deviations between two scans of the same femoral head were compared to the difference between the two corresponding volume ratios. 12 which is a ratio of femoral head height divided by femoral head width. The height and width measurements were obtained from AP radiographs taken within a month of the corresponding MRI. The percent change from the first to second imaging for each method was calculated.
Comparison of Radiographic
Statistical Analysis A Pearson's correlation was used to calculate the association between the variables of interest. The intraclass correlation coefficient (ICC) was calculated to assess the intra-observer reliability of the measurements. p < 0.05 was considered statistically significant.
RESULTS
The shape accuracy of stereolithography and object file types compared to the theoretical volume showed 99.8% and 98.3% accuracy, respectively. When testing hemi-ellipsoid shapes made from stereolithography file types, our results showed agreement between theoretical calculation and the 3D volume ratio method with test shapes to be within 99.6% accuracy (Fig. 5) . In addition, two surface geometry comparison methods showed very good correlation with the volume ratio method. Compared to the volume ratio method, the surface geometry comparison method based on a reference hemisphere (method 1) and the sequential patient scan method (method 2) revealed r ¼ 0.96 (95% CI: 0.93-0.98) and r ¼ 0.89 (95%CI:0.65-0.97), respectively (Fig. 6) .
Using the 3D volume ratio method, we found that the normal femoral heads had a volume ratio ranging from 93% to 98% (n ¼ 20) of reference hemisphere volume (Fig. 7) . In contrast, the volume ratio of the femoral heads affected with LCPD ranged from 43% to 96% (n ¼ 33) of reference hemisphere volume. Corresponding radiographs of 3D MRI reconstructed femoral head images showed a deformity of the bony (Figs. 8 and 9) .
The MRI volume ratio method was able to quantify small changes in the femoral head shape over time. A normal femoral head rescanned after 14.5 months was shown to have less than 1% change in volume while a femoral head affected with LCPD showed a 33% volume change after 9 months. Table 1 summarizes the femoral head volume ratio changes observed between sequential 3D MRI scans. For the normal femoral heads, the percent change ranged from À1% to 3%. For the femoral heads affected with LCPD, the percent change ranged from À15% to 33%. A negative percent denotes improvement in the volume ratio (i.e., improvement in the femoral head sphericity). The volume ratio method detected a wide range of changes in the femoral heads affected with LCPD over 3.7-14.5 month intervals. Figure 10 illustrates improvement in the femoral head shape after initiation of casting and bracing treatment for LCPD. A comparison of pre-and post-treatment scans revealed a 15% improvement in the volume ratio over a 4-month interval.
An intra-class correlation coefficient showed a good agreement between the first and second trials to calculate the percent volume using the volume ratio method (ICC 0.85, 95%CI 0.71-0.92, N ¼ 30). A comparison of the Epiphyseal Index (EI), a radiographic measure of femoral head deformity, to the 3D volume ratio method showed a moderate correlation (r ¼ 0.54) between the two methods. Table 2 shows the percent change in EI and the volume ratio method for serial scans. Most differences were within 10%. In addition to providing a quantitative assessment of the femoral head deformity, the 3D volume ratio method also demonstrated visible changes to the femoral head articular contour which could not be assessed using plain radiography (Fig. 11 ).
DISCUSSION
Our study demonstrates that the 3D MRI volume ratio method can be used to assess the femoral head deformity in patients with LCPD. In contrast to 2D imaging, the 3D MRI volume ratio method provides a more accurate assessment of the femoral head articular contour. The volume ratio method utilizes the entire data set of the 3D MRI scan to calculate the femoral head shape yet yields a single number which reflects how the femoral head shape compares with the ideal shape of a perfect hemisphere. In this way, it provides a quantitative measure of a deformity providing a more objective method to compare varying femoral head shapes. Further advantage of this method is that it can be used to assess small changes in the shape of the femoral head regardless of the increased femoral head size during growth as the measurement is based on a ratio. Figure 5 . A reference perfect hemisphere used to obtain the volume ratio of test shapes of 100%, 75%, 50%, and 25% hemisphere height. Displayed measurements represent percent volume ratio of test shape using the method. Validation of the 3D MRI volume ratio method using test shapes showed 99.6% accuracy. Theoretical test shape calculations and surface geometry comparison methods validated the 3D MRI volume ratio method as an accurate method to evaluate the femoral head deformity in patients with LCPD. We used theoretical test shapes as a gold standard reference as their volumes can be accurately calculated based on their geometric dimensions and a mathematical formula. Since the purpose of our study was to develop a 3D shape quantification method to assess a femoral head deformity, it was important to compare the volumes obtained using the 3D MRI method to the volumes of the geometric shapes that could be accurately determined.
The volume ratio method was shown to be useful in quantifying small to large femoral head shape changes over time. For the normal side, the changes ranged from À1% to 3% (Table 1) . We believe that these minor changes are within measurement error. To support this view, we visually compared the 3D MRI reconstructions of two serial scans of normal femoral heads and found no visible difference. For the affected side, we believe that changes of 10% or more are significant as the structural change between two serial scans of the affected side can easily be seen on 3D MRI reconstructions (Fig. 11) . The 3D volume ratio method was also found to be reproducible on an intra-observer reliability assessment. This method may be useful for evaluating treatment results in a matter of months as opposed to waiting until a bony change can be seen on radiographs or skeletal maturity to apply the Stulberg classification of radiographic outcome. Since severe deformity can be prevented if treatment is performed in the early stages of LCPD, it would be useful to have a diagnostic imaging tool that can detect a small change in the femoral head shape over a short duration. [13] [14] [15] Furthermore, the 3D MRI volume ratio method provides an objective way to quantify femoral head shape changes which may be useful for future LCPD research.
Martin et al. also found utilizing 3D imaging to be a superior way to quantify surface geometry of the femoral head using cadaveric adult femurs. 16 Their study used 3D computed tomography (CT) which would not be ideal for children needing repeat follow-up imaging due to radiation exposure. In addition, evaluating the articular surface contour may be more important in children with LCPD than evaluating the underlying bony epiphysis only as changes may occur first in the articular cartilage and bony changes may not reflect articular surface changes. Since an MRI does not expose the patient to radiation and provides 3D articular surface topography, this method may be considered both safer and a better tool for earlier detection of the femoral head deformity and its temporal evaluation than plain radiography or CT.
Pienkowski et al. studied femoral head shape differences in normal and affected hips in children with LCPD using 3D reconstructions of an MRI as well. 9 The study was limited to unilateral cases since a normal, contralateral side was needed as a control. In the study, only those hips in the fragmentation or reossification stage of LCPD were included and cases of severe femoral head deformity were not included. The 3D MRI volume ratio method we developed does not require a normal side for comparison; thus, patients with bilateral LCPD can also be assessment with this method.
A limitation of the 3D MRI volume ratio method is that it is time intensive and requires specialized image analysis software. At times, it is also difficult to distinguish the borderline of the acetabular cartilage from the femoral head cartilage. This distinction is limited by the MRI resolution which will improve with newer and higher field 3T MR scanners. Further research is needed to improve the tools used to create 3D reconstructions from MR images. A faster, more user friendly program with automation would be ideal for clinical application of this method to aid surgeons in treatment decision making and following patients with a femoral head deformity.
In summary, the 3D MRI volume ratio method allowed accurate quantification of the femoral head deformity in LCPD. This method can quantify early and small changes in the femoral head shape without radiation exposure to the patient and may serve as a useful tool to evaluate the effects of treatment on the femoral head shape of patients with LCPD.
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